Maternal effects by which females provide their offspring with non-genetic factors such as hormones, nutrients and antibodies can have an important impact on offspring fitness. In vertebrates, maternal antibodies (matAb) are transferred from the mother, via the placenta, egg yolk or milk during lactation to offspring until they are 2 weeks (birds), 4-10 weeks (rodents) and 9 months (humans) old, respectively. matAb transfer can have direct effects on offspring growth rate in birds and rodents, probably by passively protecting the newborn from common pathogens before their endogenous immune system has matured. Indirect long-term effects of matAb transfer on the offspring's own immunity can be synergistic, if matAb act as antigen templates of the accumulated immunological experience of the mother and educate the newborn's immune system. However, it may also be suppressive if matAb reduce antigen presentation to the newborn resulting in antigen-specific blocking of offspring endogenous immunity. Our aim is to review the mechanisms and direct effects of matAb transfer in vertebrates with an emphasis on birds, outline a framework for research on the long-term effects of matAb on the endogenous immune system of the mature offspring and encourage ecological and evolutionary studies of matAb transfer in non-domesticated animals.
INTRODUCTION
When females provide their offspring with non-genetic benefits, they can have a dramatic impact on offspring fitness (Mousseau & Fox 1998) , both during ontogeny as well as when that offspring becomes an adult (Agrawal et al. 1999; Tollrian & Harwell 1999; Grindstaff et al. 2003) . In mammals, maternal factors can be transferred via the placenta, in the colostrum (the first milk transferred from the mother to her offspring just after birth) and in normal milk during lactation (Glezen 2003; Siegrist 2003; Lemke et al. 2004) . In birds, reptiles and fishes, maternal factors are mainly transferred via the egg to the offspring (Bly et al. 1986; Schumacher et al. 1999; Grindstaff et al. 2003) , hence the time period for the uptake of maternal factors is restricted to a period before, and shortly after birth.
Among the maternal factors that can be transferred by the mother to her offspring are hormones, antibodies and nutrients (macronutrients, mainly protein; micronutrients, e.g. carotenoids) (e.g. Blount et al. 2000 Blount et al. , 2002 Rubolini et al. 2006; Biard et al. 2007) . Previous research on trans-generational effects in mammals has focused on maternal antibody (matAb) transfer, in particular, in relation to vaccination in humans and mice. In birds, maternal transfer of antibodies via egg yolk to offspring has mainly been studied in poultry as a means of improving chick survival early in life, whereas research on wild birds has focused on maternal transfer of testosterone (e.g. Schwabl 1993; Schwabl et al. 1997; Gil et al. 1999) and to some extent carotenoids (Blount et al. 2002; Biard et al. 2007) .
Parasites and other pathogens can have a decisive impact on the survival and performance of individuals hence protection against disease agents must be essential in natural populations (e.g. Loye & Zuk 1991; Lochmiller & Deerenberg 2000) . The humoral, antibody-mediated immune system matures slowly in neonatal vertebrates, restricting them to fighting off infections and parasites with the innate immune system (Klasing & Leshchinsky1999; Grindstaff et al. 2003) . However, maternally transferred antibodies may constitute an important addition to the neonate's ability to take care of antigens. The vulnerable window in young vertebrates is from birth to the age when the youngster starts to synthesize antibodies endogenously (Lawrence et al. 1981) . The age at which the neonate starts to produce antibodies on its own differs markedly between species (Grindstaff et al. 2003) . In some birds, increases in the levels of antibodies have been found 10-14 days post-hatch (Gasparini et al. 2006; Grindstaff et al. 2006; Pihlaja et al. 2006; Staszewski et al. 2007a) , whereas it may take several weeks in poultry and rodents, and several months to years in humans (Apanius 1998; Grindstaff et al. 2003) . The immune protection provided by maternally transferred antibodies is of rather short duration because they are catabolized. Most matAb may have disappeared from the offspring within 5-14 days in birds (Lozano & Ydenberg 2002; Grindstaff et al. 2003 Grindstaff et al. , 2006 Staszewski et al. 2007a) , whereas in mammals lactation prolongs the period of passive protection to 5-10 weeks in rodents (Grindstaff et al. 2003; Kallio et al. 2006) and approximately 9 months in humans (Roitt et al. 1998) . Hence, given that vertebrate neonates have a rudimentary immune defence early in life, the potential importance of matAb transfer to protect the neonate offspring from infection is considerable. Despite this, there are surprisingly few studies that have investigated how offspring are directly (in one-to two-week-old neonates) and indirectly (in particular long-term consequences in mature individuals and adults) affected by matAb transfer. Most studies conducted so far have focused on humans, mice and poultry, and only recently have mechanisms for matAb transfer and its consequences on offspring phenotype been investigated in non-domesticated vertebrates.
In this review, we concentrate on maternal transfer of antibodies in vertebrates with a special emphasis on birds. We begin with describing how the mother transfers antibodies to her offspring, to what extent it reflects the immunological history of the mother and the evidence for it being a passive process. Next we outline the direct effects of matAb as a passive immune protection for the neonate, and then examine the hypotheses proposed to explain the long-term effects of matAb on the endogenous immune system of the mature offspring. Finally, we highlight some aspects of matAb transfer that we rate as particularly interesting to focus on in future studies, with a special emphasis on evolutionary and ecological questions.
TRANS-GENERATIONAL TRANSFER OF ANTIBODIES FROM THE MOTHER
Maternally transferred immunity factors potentially convey passive immunity to offspring primarily via IgG (sometimes referred to as IgY in birds). Available data suggest that the diversity and amount of antibodies transferred to offspring are a reflection of the local disease environment and mirror the circulating populations of antibodies in the female Gasparini et al. 2001; Lemke et al. 2003) . Thus, the offspring can get only those matAb against antigens that the mother herself has been exposed to during her lifetime (Heller et al. 1990) , although in the case of allosuckling young, they may get an antibody repertoire from several females (Roulin & Heeb 1999) . The maternal transfer of antibodies that the mother has accrued over a long time period is evident from some long-term immunization studies. Specific matAb were found to be transferred to offspring 1 year after maternal exposure in kittiwakes (Rissa tridactyla; Staszewski et al. 2007a ) and seven to nine months after exposure in song sparrows (Melospiza melodia; Reid et al. 2006) . Female pups of Wistar rats (Rattus norvegicus) were fed with antibodies that bind to a strain of Escherichia coli when 2 days old. In the next generation, the offspring of these females had higher levels of the specific antibodies than control offspring (Lundin et al. 1999) . Thus, antibodies produced by the mother during an antigen challenge the previous season, as well as antibodies she has accrued from her grandmother, can be transferred from the mother to her offspring. Still, most studies of non-domesticated animals conducted so far have only examined the effect of an (experimentally induced) ongoing immune response in the mother on her immediate transgenerational transfer of antibodies to her offspring (e.g. Grindstaff et al. 2003) .
Judging from a commonly observed positive relationship between the amount of specific antibodies circulating in mothers and the antibody levels in eggs or offspring, mothers seem to transfer antibodies into their eggs in proportion to the concentration in their circulation (Blount et al. 2002; Gasparini et al. 2002; Grindstaff et al. 2003; Staszewski et al. 2007a; Grindstaff 2008) . That the relationship is due to maternal transfer of antibodies and not due to a common environment in general is reflected by the lack of such a relationship between antibody concentrations in fathers and the eggs of their mates (Gasparini et al. 2002; Reid et al. 2006) . This passive way of depositing antibodies in the egg during yolk formation has several advantages. Repeated or recent exposures to diseases or parasites probably increase the circulating concentrations of specific antibodies in mothers, thus reflecting temporal and spatial variations in the risk of being exposed to a disease or parasite. In line with this, a study on kittiwakes showed that the prevalence of offspring with specific antibodies against Borrelia increased with an increase in the prevalence of ticks, the vector of Borrelia infections (Gasparini et al. 2001; Staszewski et al. 2007b) . Furthermore, general yolk antibody concentrations have been found to be positively related to local breeding density (Mü ller et al. 2004) , indicating a probable increase in the risk of being exposed to a pathogen.
If the maternal deposition of antibodies in the egg is connected to costs for the female, the concentration of antibodies in the yolk may be constrained by, for example, nutrient or energy limitations. Female hens (Gallus gallus) transfer approximately 10-20% of their steady-state level of antibodies into the eggs (Kowalczyk et al. 1985) . To sustain this drainage of antibodies, egglaying females increase their production of antibodies compared with non-laying hens (Klasing 1998) . In line with this, yolk antibody levels have been reported to correlate positively with the condition of the mother (Hargitai et al. 2006) . However, experimental addition of food to egg-laying females has produced mixed results as positive (Pihlaja et al. 2006) , negative (Gasparini et al. 2007) , and no effect (Grindstaff et al. 2005) have been found on the concentration of antibodies in the yolk. We believe that this variation in the outcome of feeding experiments reflects the highly variable effects of condition and food availability on the immune response in adults themselves (Hasselquist & Nilsson submitted) . Thus, if antibody deposition in eggs is generally a reflection of the antibodies circulating in the mother, females that increase their immune response when food availability increases will also deposit higher concentrations in their eggs. In one of the food addition studies above, females did not respond to the added food with a variation in the circulating concentration of antibodies, and consequently, there was no effect on the concentration in the eggs (Grindstaff et al. 2005) . Fed females transferring fewer antibodies to their eggs may seem counter-intuitive. However, if there are strong negative long-term costs to the offspring of matAb (see below), it could be adaptive for females in prime condition to transfer less matAb to their offspring and then compensate for the lack of short-term benefits of matAb by an increased parental effort (Gasparini et al. 2007) .
If the cocktail of maternally transferred antibodies in the eggs is just a reflection of the diversity and concentration in the mother, we should not find any other patterns than the reflection of the local diversity of pathogens, in the deposition within or between clutches. However, such variation has been reported. Female barn swallows (Hirundo rustica) transfer more specific antibodies to their eggs if their mates were manipulated to advertise high quality (Saino et al. 2002a) . Variation within a clutch has also been reported showing either increasing (Pihlaja et al. 2006) , no trend (Grindstaff et al. 2005) or decreasing (Blount et al. 2002; Mü ller et al. 2004) antibody levels with laying sequence. Thus, these data may suggest that females, at least within certain limits, can actively adjust the concentration of matAb according to quality of breeding attempt or adaptive adjustments of the quality of eggs within a clutch.
In addition to matAb (i.e. a contribution from the acquired humoral immune system of the mother), lysozyme has been found to be transferred by the female to her young (Saino et al. 2002b) . Lysozyme is part of the innate immune system and acts by digesting peptidoglycans that is a major component of the cell walls of bacteria (Roitt et al. 1998) . This immune component is transferred via the albumen and, although conferring an antibacterial defence for the egg and enhancing hatching success (Saino et al. 2002b ), a positive relationship between circulating levels of lysozyme in the female and in her offspring have also been found at the age of both 7 and 12 days (Saino et al. 2002b) . Thus, these maternally transferred immune components may be taken up by the neonate and potentially boost the offspring's innate immune defence early in life.
DIRECT EFFECTS OF MATERNAL ANTIBODY TRANSFER TO OFFSPRING
The primary short-term benefit of matAb is believed to lie in pathogen resistance of neonates during the vulnerable period when their own immune system has not yet matured. This has been taken advantage of in the poultry industry where laying hens are vaccinated to provide passive immunity to their chicks (e.g. Goddard et al. 1994) . Both the diversity and the amount of matAb being transferred to the neonate are of importance for the passive protection of the young. The time period when matAb are retained in the circulation of the neonate is dependent on the initial levels provided (Goddard et al. 1994; Nicoara et al. 1999) . Below, we will review the benefits of the direct action of maternally transferred antibodies.
The most commonly observed short-term benefit of matAb is enhanced growth rate. This has been found as a result of both induced immune responses in the mothers (Gustafsson et al. 1994; Lozano & Ydenberg 2002) as well as enhanced growth of young raised in the same pathogen environment as their mothers (Heeb et al. 1998; Buechler et al. 2002; Kristan 2002; Grindstaff 2008 ). In the latter case, the experiments are mimicking the advantage of mothers conferring immunity against the local pathogen fauna. The hampered growth of young without specific matAb is believed to depend on the fact that these young have to rely on an innate immune response to clear the pathogens (Grindstaff 2008) . The innate immune system is more expensive in terms of nutrients (Klasing & Leshchinsky 1999) and energy (Råberg et al. 2002) than the acquired (T-and B-cell mediated) immune system. Thus, matAb might reduce the need for invoking the innate system and thereby alleviate the growth reduction caused by a costly immune response (Grindstaff 2008) . Nestlings of altricial mother birds that were exposed to fleas (Ceratophyllus gallinae), before egg laying grew better in an environment containing fleas than nestlings of unexposed mothers (Heeb et al. 1998; Buechler et al. 2002) . However, this was not due to increased resistance to fleas, because flea survival and reproduction were unaffected by matAb (Heeb et al. 1998; Walker et al. 2003) . Instead, the interpretation was that matAb take care of the antigen transmitted by the fleas when they bite, hindering a potentially much more energetically expensive immune response than the cost of the blood removed by the fleas (Nilsson 2003) .
As an extension of enhanced growth rates, earlier maturation (Kallio et al. 2006 ) and earlier fledging (Heeb et al. 1998) are also potentially important fitness benefits of matAb transmission. Ultimately, matAb also enhance survival during the early part of life (Heller et al. 1990; Gustafsson et al. 1994; Pihlaja et al. 2006) . Given the potentially important fitness benefits of transmitting antibodies to the next generation, it has been suggested that females should deliberately try to get infected by the local pathogens before egg formation (Heeb et al. 1998; Lozano & Ydenberg 2002) . However, the costs to the females of such a strategy are probably larger than the benefits for the young. Costs of mounting an immune response include increased risk of immunopathology and increased rates of reactive oxygen species (ROS) formation (Hasselquist & Nilsson submitted) . Especially running two ROS producing activities at the same time, viz. an immune response and a high work load in the form of egg formation, may drastically increase the risk of damage to important biomolecules such as DNA, lipids and proteins. Moreover, it is highly likely that the negative effects of the infection in the mother is carried over into the next breeding phase, i.e. the highly demanding period of nestling feeding (Drent & Daan 1980; Ilmonen et al. 2000) , resulting in a diminished work capacity of the female and ultimately lowered reproductive success. Furthermore, carotenoid-fed female black-backed gulls (Larus fuscus) have been found to decrease their level of circulating antibodies compared with control-fed females, translating into a reduced transfer of matAb to eggs and hatchlings (Blount et al. 2002) . One possible interpretation of these results is that females with a high availability of antioxidants (carotenoids) will clear any infection before (Blount et al. 2002) .
INDIRECT EFFECTS OF MATERNAL ANTIBODY TRANSFER-MECHANISMS
There are two opposing scenarios for how transgenerational transfer of matAb affects the offspring's own (endogenous) humoral immune responses. One hypothesis states that matAb have long-lasting positive effects on the antigen-specific antibody responses of the mature offspring, whereas the alternative hypothesis states that matAb have a negative effect on the offspring's own production of antigen-specific antibodies.
(a) matAb enhance the humoral immunity of offspring Studies of mice and humans have revealed that matAb transferred to the offspring do not only provide passive protection early in life, but may also have an instructive role during the development of the endogenous humoral (antibody-mediated) immune system of the offspring (figure 1; Anderson 1995; Lemke et al. 2004 ). This hypothesis builds on observations in mice that show (i) offspring that received antigen-specific matAb early in life produced higher (endogenous) antibody titres than controls when challenged with the same antigen when fully matured (e.g. Desowitz 1971; Lange et al. 2002; Lemke et al. 2003) , (ii) the enhancement of offspring endogenous antibody responses was only through the maternal, and not the paternal, line (Cookson et al. 1992 ; for an example in birds see Reid et al. 2006) , (iii) the positive effect of offspring antibody responses was not a result of matAb transferring the specific antigen to the neonate (Ono et al. 1974; Sasaki et al. 1977; Jarrett & Hall 1983; Roberts & Turner 1983 , (iv) secondary Ab response levels can be reached in offspring after a first injection with an antigen to which their mother had been repeatedly exposed (Stern 1976; Okamoto et al. 1989) , and (v) the enhanced effect could even be detected in the F2 generation, i.e. only when their grandmother had been injected with the antigen (Lemke et al. 1994; Ismail et al. 1995; Lange et al. 1999; Lundin et al. 1999) . proposed a mechanism for how matAb could play an instructive role in the development of the endogenous humoral immune system of the offspring. They suggested that immunoglobulins and antigen receptors of B-cells form an interacting network of idiotypes, which is functionally connected to the T-cell compartment. In this context, immunoglobulins function as an internal antigen in the network, and could thus directly influence the developing immune system of the neonate (Anderson 1995) . The effect of matAb can either be specifically targeting its corresponding idiotype (or anti-idiotype) in the neonate (Victor et al. 1983; , or if it is directed towards a highly connective idiotype, expressed by cross-reactive IgM antibodies, it may even alter the entire repertoire of the individual (Bernabe et al. 1981) .
There seems to be a rather short time window early in life when matAb may function as internal antigens and have long-term consequences for the endogenous immune system of the offspring (Anderson 1995) . In mice, matAb from breast milk can be transported from the neonate's gut to the bloodstream only during the first 12-16 days of life (Mackenzie & Keeler 1984) . Moreover, long-lasting effects on a specific Ab response in offspring could be achieved only when specific syngeneic antibodies were administered at 2-11 days of age (Haba & Nisonoff 1995) . This is in accordance with the finding that immunoglobulin-dependent selection of the T-cell repertoire operates only during the first three weeks of life in mice (Martinez et al. 1985) . Additional support for the importance of exposure to matAb:antigen complexes early in life comes from studies on humans, where the incidence of hay fever in adults were lower in those living on a farm during the first year of life rather than years 1-5 and much lower than in those not living on a farm at all (Riedler et al. 2001) . Hence, in the context of the 'offspring immunity enhancement hypothesis', matAb are proposed to function as 'templates' of antigens constituting the accumulated immunological experience of the mother, which could be passed on to the offspring and result in an education of the nascent immune system of the newborn.
Another advantage of matAb is that their epitope blocking may prevent the misrecognition of antigens as self (during the period early in life when the offspring develops its self-antigen tolerance through selective deletion of B-cells that produce antibodies that would attack self-antigens), thus avoiding the development of immunological tolerance to the specific antigen (Carlier & Truyens 1995 Figure 1 . Positive, neutral and negative effects of matAb on the endogenous immune system and fitness of offspring in three different life stages. Neonate, from birth/hatching to the age when all the matAb are catabolized; young, from the start of the development of the offspring's endogenous immune system to a fully matured immune system; mature, the adult life stage. Arrows denote a schematic development of costs and benefits depending on the effect of matAb on the developing endogenous immune system of offspring.
Ab response to the vaccine (Carlier & Truyens 1995; Siegrist 2003) . Hence, at least part of the positive effect of matAb in protecting the offspring early in life (figure 1) would, under this scenario, be offset by the negative effect acting on the offspring's own antibody response to the antigen at an older age. A very important general finding in these studies is that infant B-cell, but not T-cell, responses are suppressed by matAb (Siegrist 2003) . In essence, this means that the infant's endogenous primary antibody response to the specific antigen will be suppressed, whereas the T-cell mediated secondary antibody response to the antigen will be normal and robust (figure 1).
Several mechanisms have been proposed to explain the process of matAb inhibition of infant B-cell activation and hence antibody production. (i) matAb may rapidly neutralize the antigenic agent, preventing it from replicating and resulting in an antigen load that is too low to prime infant B-and T-cells to produce antigen-specific antibodies (Albrecht et al. 1977) .
(ii) The matAb:antigen immune complexes bind to infant B-cell receptors preventing B-cell activation and antibody production (Daeron 1997) . (iii) matAb:antigen immune complexes are eliminated by Fc-dependent phagocytosis, resulting in reduced levels of antigen to be presented to infant B-cells. However, the antigen will be processed and peptide epitopes will be presented to infant T-cells allowing memory cell production. (iv) Epitope blocking-matAb bind to specific epitopes and hide them from infant B-cells (Heyman 2001) . Only the two latter hypotheses are consistent with the key observation of a lack of B-cell activation but the presence of T-cell activation in infants, and other studies provide some additional support for epitope blocking rather than the Fc-dependent phagocytosis mechanism (Siegrist 2003) . Hence, studies of human and mice emphasize that the negative effect of matAb on the infant antibody response is characterized by the importance of matAb:antigen concentration ratio (and hence the timing of antigen exposure), and of the suppression of primary but not secondary antibody response.
From an evolutionary point of view, a scenario of a negative effect of matAb on offspring endogenous humoral immune response in the mature offspring would imply costs in addition to the direct benefits (see above) of trans-generational transfer of matAb to offspring (figure 1). If, however, this negative effect is only transient, occurring the first time the antigen is exposed to the infant's mature immune system, the cost may be alleviated (Carlier & Truyens 1995) . However, note that the first exposure to a pathogen, when the host is reliant on the less efficient and slower primary antibody response, is often associated with increased disease susceptibility and host mortality (e.g. Valkiū nas 2005; Zehtindjiev et al. 2008) .
EMPIRICAL STUDIES OF HOW matAb AFFECT THE OFFSPRING'S OWN IMMUNITY IN BIRDS
There are so far rather few studies of non-direct, longterm effects of matAb transfer on offspring immunity in animals. Besides studies on mice under laboratory conditions, only a few studies on wild birds have so far evaluated the effect of matAb on the development of the offspring's own immunity.
(a) matAb enhance the humoral immunity of offspring Kittiwakes, a long-lived colonial seabird, are naturally exposed to the tick-borne parasite Borrelia burgdorferi and infected mothers transfer anti-Borrelia antibodies to their eggs and offspring (Gasparini et al. 2001 (Gasparini et al. , 2002 . In this study system, kittiwake chicks were tested for either the presence or absence of anti-Borrelia antibodies at 5 days of age, the former groups were assumed to have obtained the antibodies from their exposed mothers whereas the latter groups were assumed to have uninfected mothers (Gasparini et al. 2006) . The chicks were then tested at 10 and 20 days of age, i.e. when they had begun their own endogenous antibody production, and the test showed that chicks that had higher anti-Borrelia titres when 5 days old had significantly higher anti-Borrelia Ab titres also at 10 and 20 days of age. The interpretation of these results was that mothers previously exposed to Borrelia transferred specific anti-Borrelia matAb that enhanced the antigenspecific humoral response of their offspring (Gasparini et al. 2006) . This study suggests that matAb transfer could enhance the endogenous immune system of the offspring in an antigen-specific way. Note, however, that the specific antibody response was not measured directly in the mothers before egg laying, but rather inferred from the chicks antibody titre at 5 days of age. This measure may hence be confounded by other factors, e.g. the antibody production of the chick itself (if the endogenous production of antibodies starts earlier than day 5 in gulls, something that is not known in detail).
However, further evidence for the enhancive effect of matAb on the endogenous immune system of the offspring comes from studies of wild passerine birds. In an experiment on wild pied flycatchers (Ficedula hypoleuca), females were injected with either an antigen (lipopolysaccharide, LPS) or saline (control) approximately one week before egg laying. Offspring of LPSinjected females had more circulating antibodies and tended to have more LPS-specific antibodies when 14 days old compared with offspring of saline-injected females (Grindstaff et al. 2006) . The interpretation of these results was that maternally transferred antibodies can have positive effects on the endogenous humoral immune system of the offspring in general and not only being antigen specific. However, note that LPS was used as the antigen stimulating the mother's antibody production before egg laying, and that LPS is a very potent antigen that can stimulate a broad range of the immune system including B-cells in an unspecific way (Kuby 1992; Janeway & Travers 1996) . Hence, we find it plausible that an LPS injection in the mother caused a general (unspecific) enhancement of offspring humoral immunity in this study. However, offspring could be sampled only during the first two weeks of life, so nothing is known about the long-term consequences of the matAb treatment in this study.
Long-term antigen-specific enhancement of offspring antibody responses has, however, been observed in a study on another wild passerine bird. In song sparrows at Mandarte Island, Canada, approximately 50 per cent of the adult population was injected with an antigen (keyhole limpet haemocyanin) in autumn (Reid et al. 2006) . Approximately seven to nine months later, females laid their eggs and broods were raised until independence. Some two to four months after hatching, approximately 50 per cent of the offspring were caught, injected with the same antigen as their parents and primary antibody responses to the specific antigen were measured. The results of this study showed that fully grown offspring of mothers injected with the antigen a year before produced more antigenspecific antibodies than the offspring of non-injected mothers. Hence, these studies corroborate several of the ideas outlined in the 'matAb-induced enhancement of offspring immunity' hypothesis as they show that the mother's immunological memory of a previously encountered antigen can be transferred to the offspring, providing them with an endogenous humoral immune response that is specifically good at targeting these antigens (Reid et al. 2006) .
(b) matAb suppress the humoral immunity of offspring Negative non-direct effects of matAb transfer to offspring in animals come from a study of the kittiwake. Females were either injected with a Newcastle disease virus (NDV) vaccine or not injected at all in 1 year and the effect of this vaccination was studied in their nestlings the next year (Staszewski et al. 2007a ). Chicks were cross-fostered, and when 1 day old they were injected with the NDV vaccine and then their blood was sampled until they were 25 days old. The results of this study showed that chicks of mothers, which had been exposed to NDV vaccination the year before had initially higher (when 5 days old and solely relying on the antibodies transferred from their mother), but when 20-25 days old significantly lower (when producing antibodies themselves) antigen-specific antibody titres (Staszewski et al. 2007a) . This suggests that birds may face an antigen blocking effect of maternally transferred antibodies if exposed to the antigen early in life, as has been found in studies of humans and mice (reviewed in Carlier & Trouyens 1995; Siegrist 2003 ).
In conclusion, most studies of indirect effects of matAb transfer in non-domesticated animals have so far been carried out on birds during the first two to three weeks of their lives, i.e. during the early phase of the maturation of the endogenous immune system of the offspring. In these studies, matAb transfer seems to enhance offspring endogenous humoral immunity at the end of the nestling period (at an age of 14-20 days) when matAb should have been completely consumed. This enhancement of offspring humoral immunity was specific in the case of kittiwakes but possibly general in the pied flycatchers. Thus, at a time early in life when we expect primary immune responses against specific antigens, several studies report enhanced effects of matAb transfer on offspring immunity. Long-term effects of matAb transfer have only been conducted in one study of a non-domesticated bird, the song sparrows studied in the wild at Mandarte Island. In this study, transfer of matAb enhanced the offspring's antigen-specific humoral immune response when fully mature (Reid et al. 2006) . In the kittiwake study that showed a blocking effect of the maternally transferred antibodies, the exposure to the antigen occurred very early in life (at day 1), which may be an important observation to reconcile the differing results of the studies of wild birds. Hence, so far there are very few studies of how matAb transfer can affect the endogenous immune system of the mature offspring, and this is particularly true for non-domesticated vertebrates. More studies are definitely needed before we can evaluate the long-term pros and cons of matAb transfer on the offspring's own immune system.
DISCUSSION
Based on the available information from the studies of vertebrates, a general pattern seems to emerge where the effect of matAb transfer to offspring can be divided into three stages (figure 1). Early in life (lasting up to 2 weeks in birds, 4-10 weeks in rodents and 4-9 months in humans; Anderson 1995; Apanius 1998; Roitt et al. 1998; Grindstaff et al. 2003) , during the period when there is a relatively high concentration of matAb in the blood of the neonate, matAb are beneficial through their directly protective effect against common pathogens. Then comes a period when the infant's own immune system is developing, which lasts roughly up to two to six months in chicken and six to seven weeks in mallards and macaws (Rose & Orlans 1981; Grindstaff et al. 2003) , more than two weeks in rodents and up to 1-2 years in humans (Roitt et al. 1998; Grindstaff et al. 2003) . During this maturation period, the matAb may have not only negative effects, e.g. through epitope blocking and inactivation of B-and T-cells (Carlier & Truyens 1995) , but also positive, through an instructive priming effect (figure 1), on the development of the immune system of the offspring . In the third stage, when offspring immunity has matured, matAb transfer may, in most cases, have no or even positive effects on offspring endogenous immunity (Glezen 2003; Lemke et al. 2004; Reid et al. 2006) .
In terms of immunology, there is still much to learn about the time frame of antibody transmission from the mother to the offspring in non-model animals. Is it the whole lifetime repertoire of the mother, which is transferred or is it mainly the antibodies from a recent or even ongoing response? In either case, a still untested prediction from matAb transfer theory is that rare pathogens would be in an advantageous position compared with common pathogens. Thus, in systems where maternal transfer of antibodies are important, we would predict pathogens to show cyclic population dynamics with the length of the cycles corresponding to the generation time of the most important hosts (cf. Hamilton & Zuk 1982) .
In terms of evolutionary and ecological consequences, it is essential to quantify the benefits and costs for neonates, maturing and fully grown offspring as well as mothers. Thus, we need to know under what circumstances there would be a positive or a negative effect of matAb on the development of the offspring's own immune system and to what extent this is carried over into adulthood. These measures would also reflect the potential benefits to the mother. However, equally important would be to estimate the costs for the mothers. This information would be essential for evaluating to what extent mothers can manipulate the concentration of matAb within and between clutches. Furthermore, knowledge about the nature and strength of short-and long-term costs and benefits of matAb transfer will make it possible to predict how differences between species are based on, for example, exposure to parasites (e.g. in relation to latitude and habitat distribution ; Piersma 1997; Møller & Erritzøe 1998; Hasselquist 2007 ) and life-history strategies (e.g. slow versus fast pace of life; Ricklefs & Wikelski 2002; Hasselquist 2007) . In this respect, several scenarios are possible.
One hypothesis is that fast pace-of-life species (typically short-lived species) are more likely to invest in an upregulation of the immune system to enhance matAb transfer to offspring if such an upregulation comes at a substantial cost in terms of the mother's survival or her future reproduction (Grindstaff et al. 2003) . Alternatively, slow pace-of-life species (typically long-lived species) may be more likely to invest in an upregulation of the immune system to enhance matAb transfer to offspring, due to a higher potential pay-off from investments that improve offspring phenotype in species with a long life expectancy (Stearns 1992; Ricklefs & Wikelski 2002; Hasselquist 2007) . This latter hypothesis relies on the assumption that upregulating the humoral immune response just before egg laying may have immediate, short-term costs but does not induce substantial long-term costs (that have impact on fitness) for the mother. There are some studies implying short-term fitness costs of humoral immune system activation on nestling feeding Råberg et al. 2000; Bonneaud et al. 2003) , although no effect on egg laying has so far been found (Williams et al. 1999) . Our knowledge about long-term costs of immune responses is very limited, although oxidative stress and immunopathology are candidates with the potential to reduce life expectancy (Hanssen et al. 2004; Hasselquist & Nilsson submitted) . Furthermore, little is known about the possible synergistic or antagonistic effects between different maternal investments in the egg, e.g. matAb, hormones and carotenoids (Blount et al. 2002) , which may affect the balance between costs and benefits of matAb transfer under different conditions.
In our view, this is an exciting area of research where the studies conducted so far have yielded exciting and unexpected results that challenge some of the traditional views of how the immune system works. From an evolutionary point of view, the transgenerational transmission of immunoglobulins, which have the potential to alter the phenotype of the offspring and hence may be seen as an epigenetic process (Lemke et al. 2004; Poulin & Thomas 2008) , is interesting and challenging and deserves further study. For ecologists, studies of costs and benefits to offspring of matAb transfer are of considerable importance, given the high impact of parasites on population dynamics and life-history strategies in natural animal populations (Anderson & May 1982; Loye & Zuk 1991; Zuk & Stoehr 2002) . A well-adapted trans-generational antibody protection mechanism would be particularly important for quality and survival of the neonate, although this may have to be traded off against potential long-term costs on offspring endogenous immunity. Hence, there may be room for different solutions and optima for matAb transfer in relation to for example population density, life-history strategy, parasite exposure, the condition of the female and the quality of her mate, which warrants further studies.
